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Interactions among ADP-ribosylation factors (ARFs),
various adaptor proteins, and membrane lipids are
essential for intracellular vesicle transport of a vari-
ety of cellular materials. Here, we present nuclear
magnetic resonance (NMR)-based information on
the nature of the interaction of yeast Arf1 (yArf1)
and the pleckstrin homology (PH) domain of four-
phosphate-adaptor protein 1 (Fapp1) as it occurs
at a model membrane surface. Interactions favor a
model in which Fapp1 is partially embedded in the
membrane and interacts with a membrane-associ-
ated Arf1 molecule primarily through contacts be-
tween residues in switch I of Arf1 and regions near
and under the solution exposed C-terminal exten-
sion of the PH domain. The Arf1 binding site on
Fapp1-PH is distinct from a positively charged phos-
phatidylinositol-4-phosphate (PI4P) binding site. A
structural model is constructed that supports coin-
cidence detection of both activated ARF and PI4P
as a mechanism facilitating Fapp1 recruitment to
membranes.
INTRODUCTION
Intracellular vesicle transport, involving budding of a cargo car-
rying vesicle from one membrane, transport, and fusion with
another membrane, is essential to cellular processes such as
establishment and maintenance of organelle identity, posttrans-
lational protein modification to cisternal and transmembrane
proteins, transfer and recycling of materials to and from degra-
dative organelles, and maintenance of membrane composition
(Campelo and Malhotra, 2012). ADP-ribosylation factors (ARFs)
are key components of the vesicle budding process (Donaldson
and Jackson, 2011; Kahn, 2009; Mizuno-Yamasaki et al., 2012).
ARFs bind to a number of adaptor and effector proteins
that mediate accumulation of vesicle cargo, influence assembly
at particular regions of budding membranes, and alter meta-
bolism of phospholipids (like phosphatidylinositols involved in
cell signaling). Structures of ARF-adaptor or ARF-effector com-
plexes, especially as they exist on membrane surfaces, are anStructure 22,important basis from which a detailed, molecular understanding
of these processes will emerge. Four phosphate adaptor protein
1 (Fapp1) is one such protein believed to play a role in regulation
of vesicular cargo transport from the trans-Golgi network (TGN)
to the plasma membrane (Godi et al., 2004). Here, we present
nuclear magnetic resonance (NMR)-based information on the
nature of the interaction of yeast Arf1 (yArf1) and the pleckstrin
homology (PH) domain of Fapp1 as it occurs at a model
membrane surface.
Arf1 is an 20 kDa N-myristoylated GDP-GTP binding protein
and prototype of the ARF family within the RAS superfamily of
regulatory GTPases. Models for its function have evolved over
time with the current model involving a loose association of the
GDP loaded form with a donor membrane, possibly in asso-
ciation with a guanine exchange factor (GEF) that promotes
exchange of GDP for GTP (Cherfils and Zeghouf, 2013; East
and Kahn, 2011). The GTP form of Arf1 (ARF,GTP) is tightly
anchored to the membrane and may accumulate in curvature
prone regions of the membrane, or actually promote curvature
to facilitate budding (Ambroggio et al., 2013). This ‘‘activated’’
conformation also has higher affinity for effectors that generate
biological output; including allosteric activation of enzymes
(e.g., PI kinases, phospholipase D, cholera toxin) and recruit-
ment to membranes of protein adaptors (e.g., Fapp1, AP-1,
MINT3, COPI). There is a substantial amount of structural data
on Arf1, beginning with crystal structures of nonmyristoylated
Arf1,GDP (Amor et al., 1994) and a truncated nonmyristoylated
form of Arf1,GTP (D17-Arf1,GTP) (Goldberg, 1998). Several
year ago, we were able to produce a myristoylated form
of yArf1 (Liu et al., 2009) and reported NMR structures of
the myristoylated yArf1,GDP in solution and myristoylated
yArf1,GTP associated with a model lipid bilayer membrane
(bicelle) composed of mixtures of dimyristoylphosphatdylcho-
line (DMPC) and dihexanoylphosphatdylcholine (DHPC) (Liu
et al., 2010).
PH domains are120 residues in length and foundwithin hun-
dreds of different human proteins, including Fapp1. PH domains
are important in providing spatial targeting information through
direct binding to different phosphatidylinositolphosphates
(PIPs) (notably PI4P, PI4,5P2, and PI3,4,5P3) or protein partners
including G protein bg dimers (Touhara et al., 1994; Wang et al.,
1994), protein kinase C (Yao et al., 1994), and GTPases (e.g.,
Rac1) (Snyder et al., 2003) or ARFs (Godi et al., 2004). Fapp1
is a 33 kDa protein that contains a 110 residue N-terminal PH
domain. The Fapp1-PH domain specifically interacts with both421–430, March 4, 2014 ª2014 Elsevier Ltd All rights reserved 421
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Interaction of Fapp1 with Arf1 and PI4Pthe GTP-bound form of Arf1 and PIPs; negatively charged lipids
that are concentrated in the trans-Golgi membranes. Specificity
has been demonstrated for phosphatidylinositol-4-phosphates
(PI4Ps), consistent with their enrichment at the TGN. The Arf1
and PIP binding sites are believed to be nonoverlapping (He
et al., 2011). Thus, the PH domain provides for the possibility
of coincidence detection of two signals in one highly localized
space, one proteinaceous and one lipid; both may be required
before sufficient affinity of Fapp1 for a specific membrane
is achieved and consequent downstream signaling occurs. PIP
binding may also facilitate Fapp1-Arf1 interactions as ARF too
has a hypothesized PIP binding site (Randazzo, 1997; Terui
et al., 1994). With both proteins concentrating in PIP rich mem-
brane regions protein-protein interactions would be promoted.
This idea of coincidence detection of two or more inputs
providing specificity to GTPase actions on amembrane is rapidly
emerging as an important concept in modeling cell signaling
(Haucke, 2005; Lemmon, 2007; Malaby et al., 2013; Richardson
et al., 2012; Wieffer et al., 2012).
Both crystal and NMR structures of the Fapp1-PH domain
exist (He et al., 2011; Lenoir et al., 2010). These display similar
structures with a seven-stranded b barrel capped by an a helix
near the C terminus and having an extended loop between
strands 1 and 2 near the N terminus. There have also been
studies of the interaction of Fapp1-PH with Arf1 and with PI4P
analogs using NMR chemical shift perturbations of Fapp1
cross-peaks in 15N-1H heteronuclear single quantum coherence
(HSQC) spectra to identify binding sites. While the sites for Arf1
and PI4P interaction were clearly indicated to be different,
considerable overlap in chemical shift perturbation existed.
The Fapp1 resonance perturbation studies were done with a
form of Arf1 locked in its GTP form by a Q71L mutation, but
missing parts needed formembrane association, namely itsmyr-
istoylated N-terminal helix. While the Q71L mutant is likely to
display a GTP-like structure, the absence of an interaction with
a native membrane environment could clearly alter protein-pro-
tein associations. Previous studies with PI4P were also done pri-
marily with versions of PI4P carrying no fatty acids or short chain
fatty acids on PI4P’s glycerol backbone. When micelle solubi-
lized versions of PI4P were used, the detergent was dodecyl-
phosphorylcholine, a detergent that we have found to disrupt
the native structure of Arf1 (unpublished data). Hence, there is
value and pursuing further studies in the presence of a phos-
pholipid-based interaction surface. Chemical shifts in (HSQC
spectra of human Arf1 [hArf1]) on adding Fapp1-PH were also
noted in one of the previous studies (He et al., 2011), but with
resonance assignments only available for the GDP form of
hArf1 (Seidel et al., 2004), a specific interaction surface on ARF
was not identified.
Here, we present data on the interaction of a full-length myr-
istoylated form of Saccharomyces cerevisiae Arf1 (yArf1) with
Fapp1-PH on the surface of a DMPC/DHPC model membrane
bicelle, as well as the interaction of long chain, bicelle-incorpo-
rated PI4P with Fapp1-PH. Fapp1-PH used in this study is a
human protein and previous interaction studies have been car-
ried out with hArf1. However, it is the yArf1 construct that has
allowed efficient production of myristoylated Arf1 and mem-
brane-associated studies (Liu et al., 2010). Moreover, NMR
resonance assignments are available for the GTP-bound form422 Structure 22, 421–430, March 4, 2014 ª2014 Elsevier Ltd All righof yArf1, allowing identification of Fapp1 interaction surfaces
on Arf1 in a membrane-like environment. The yArf1 sequence
is 78% identical to hArf1, high but still raises some concern
about conservation of interactions described here. We attempt
to address this concern by comparison of chemical shift per-
turbations on Fapp1 on adding myr-yArf1,GTPgS in bicelles
with those on Fapp1 on adding D17-hArf1,GTPgS in solution.
We also use paramagnetic perturbations from a nitroxide
spin-labeled analog of yArf1, observations that are more directly
distance-dependent (Battiste and Wagner, 2000), to support
binding sites on Fapp1 identified by chemical shift data. The
unpaired electron on the nitroxide provides long range para-
magnetic spin relaxation enhancement (PRE) of nuclear spin
sites that drops off in a 1/r6 manner. These enhancements
have been used effectively in many other protein-protein asso-
ciation studies (Clore and Iwahara, 2009; Clore et al., 2007) and
add significantly to confidence in the chemical shift perturbation
data presented.
Our experiments result in several key findings. Most notably,
the presence of a membrane mimetic does have an effect on
the nature of Fapp1-PH interactions. While similar to those
observed in solution, the Arf1 binding site is shifted slightly
away from the hypothesized membrane insertion end of
Fapp1-PH and the PIP binding site is shifted toward that end.
This is consistent with insertion of both PIP and Fapp1-PH into
the membrane surface. Identification of the Fapp1-PH binding
sites on Arf1 allows the construction of a structural model for
the Arf1-Fapp1-PIP complex and assessment of the possible
biological importance of this ternary complex.
RESULTS
Fapp1 Interaction Surfaces from PI4P-Induced Shifts
Previous structural investigations of the interaction of Fapp1-
PH with PIPs were conducted in solution using micelle imbed-
ded or soluble versions of PIPs having short alkyl chains or
just the PIP headgroup. Hence, we felt it appropriate to
repeat these studies using a PI4P with longer acyl chains
(PI4P isolated from brain) and the bilayer-like membrane model
(a bicelle) that was used in our the structural characterization of
myr-yArf1,GTPgS. These interactions were monitored using
perturbations of HSQC/transverse relaxation optimized spec-
troscopy (TROSY) peaks from 15N-labeled Fapp1-PH on adding
PI4P as well as perturbation of 31P resonances of PI4P on add-
ing Fapp1-PH. In the latter experiments, the phosphate mono-
ester peak from PI4P in DMPC/DHPC bicelles is well resolved
at 4 ppm in the absence of Fapp1-PH (Figure 1B). Interaction
with Fapp1-PH induces a substantial downfield shift as the pro-
tein concentration is increased in the presence of 2 mM PI4P,
nearing saturation at a concentration of 3.5 mM Fapp1-PH.
The gradual shift with significant broadening at intermediate
levels is indicative of rapid to intermediate exchange between
bound and free forms on a sub-ms timescale. Complete satura-
tion of PI4P with Fapp1-PH could not be achieved because of
indications of precipitation at 3.5 mM, but nonlinearity in the
titration suggests a dissociation constant in the 0.2–0.3 mM
range. The phosphate diester peak from PI4P is obscured by
the abundant peaks from phosphatidylcholine lipids in the
supporting bicelle.ts reserved
Figure 1. Fapp1-PH Interacts with PI4P
(A) Superimposed TROSY spectra of Fapp1-PH in the presence of 10% DMPC/DHPC (q = 0.25) bicelle (red) and bicelle doped with 8 mM PI4P (blue).
Assignments are indicated for residues that undergo combined chemical shift changes >0.15 ppm.
(B) 31P spectra from serial titration of Fapp1-PH (0–3.5 mM) into 10% DMPC/DHPC (q = 0.25) bicelle doped with 2 mM PI4P, highlighting the migration and
broadening/renarrowing of the PI4P phosphate monoester signal.
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Interaction of Fapp1 with Arf1 and PI4PChemical shift perturbations of cross-peaks in the 15N-1H
spectra of Fapp1-PH in the presence of PI4P-containing bicelles
in comparison to pure phosphatidylcholine bicelles are shown in
Figure 1A. Many peaks show substantial shift differences both
from Fapp1-PH in the absence of bicelles and in the presence
of bicelles not containing PI4P. This necessitated reassignment
of Fapp1-PH spectra under bicelle-interacting conditions.
Assignments for HSQC/TROSY peaks were achieved using a
combination of backbone-centered experiments on 13C-, 15N-
labeled and 2D-, 13C-, 15N-labeled samples (see Experimental
Procedures). 1H and 15N amide shifts for the bicelle containing
but PI4P-free sample are generally consistent with the lipid-
free shifts as reported by Lenoir et al. (2010) (BioMagResBank
[BMRB] ID code 16082). Outliers with >0.1 ppm combined 1H
and 15N shifts include residues L22, G25, H70, and S90-L95.
L22 and G25 are structurally proximate to the N terminus where
our constructs differ (see Experimental Procedures) and S90-
L95 are in a poorly structured region close to the C terminus
where constructs also differ. H70 is close to the hypothesized
membrane insertion region and deviations could arise from
Fapp1-PH interaction with DMPC/DHPC lipids as the published
assignments were made in the absence of lipids, although pH
differences could also have a significant impact on a histidine
resonance. On comparing shifts in the presence of PI4P contain-
ing bicelles as compared to bicelles without PI4P, the largest
shifts are seen for T13, W15, Y29, E50, H70, and Y72. These
residues are highlighted on the crystal structure of Fapp1-PH
by coloring exposed surfaces red; surfaces of residues with
lesser perturbations are colored yellow. Perturbed regions are
again generally consistent with results reported previously using
short, soluble PI4P, except that the perturbations of residues in
theN-terminal loop are stronger (bottomof structure in Figure 2A)
and the perturbations near I44 and I65–Q69 on the upper part of
the molecule as depicted in Figure 2A are not as strong as pre-
viously observed. The strong interactions at the center coincide
with a positive patch of residues that are likely to drive PI4P inter-
action (see electrostatic plot in Figure 2B). The displacementStructure 22,toward the bottom of the depicted structure may result from
the long chain PI4P being more deeply buried in a bilayer-like
membrane.
Fapp1 Interaction Surfaces from Arf1-Induced Shifts
Given the possible concern with differences between yArf1 and
hArf1 in terms of their ability to interact with Fapp1 or Fapp1-
PH, it seemed prudent to compare chemical shift perturbations
in HSQC spectra of Fapp1-PH using our GTPgS loaded
myr-yArf1,GTPgS in bicelles to previously published data (He
et al., 2011) using the soluble D-17-hArf1(Q71L) mutant.
Because there are also differences in the Fapp1 construct
used, we decided to first repeat chemical shift perturba-
tion studies with a close analog of D-17-hArf1(Q71L), D-17-
hArf1,GTPgS. Of the 14 most strongly perturbed Fapp1-PH
cross-peaks that we detect, seven were also among the 14
most strongly perturbed residues in the published data (T13,
E50, V53, H54, D57, Q69, and H70) (He et al., 2011). Three
more of the 14 were within two residues of a strongly perturbed
residue in the published work (He et al., 2011). Two of the addi-
tional perturbed resonances are near the C terminus (A93 and
C94), which could reflect differences in the C-terminal exten-
sion of Fapp1-PH used here and that used in the published
work (He et al., 2011). Hence, differences in patterns of pertur-
bation due to changes in the Fapp1-PH construct should be
relatively minor and are likely to be limited to those near the
C terminus.
The experiments needed for comparison of Fapp1-PH
chemical shift perturbations on adding myr-yArf1,GTPgS as
compared to D-17-hArf1(Q71L) were conducted both with myr-
yArf1,GTPgS anchored to 10% q = 0.25 DMPC/DHPC bicelles
and to q = 0.25 DMPC/DHPC bicelles containing five weight %
PI4P relative to other lipids. Using myr-yArf1,GTPgS anchored
to bicelles in the absence of PI4P the perturbations were slightly
smaller in magnitude than those seen using our soluble form of
hArf1, but also included a couple of cases of cross-peaks disap-
pearing on addition of bicelles. Disappearance can result from421–430, March 4, 2014 ª2014 Elsevier Ltd All rights reserved 423
Figure 2. The PI4P Binding Interface of Fapp1-PH Identified through
Chemical Shift Perturbations
(A) A surface view of Fapp1-PH colored in red for residues of strong chemical
shift perturbations (>0.4 ppm) upon adding PI4P and in yellow for those of
weak perturbations (<0.4 ppm and >0.2 ppm).
(B) The electrostatic surface of Fapp1-PH orientated in the same perspective
as in (A), highlighting the positively charged pocket for PI4P binding. Positive
potentials are shown in blue.
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Interaction of Fapp1 with Arf1 and PI4Pslower dissociation rates or slow motions in the complex, which
lead to exchange broadening, or directly from resonance broad-
ening on membrane association. Of the 11 most strongly per-
turbed peaks (L12, T13, E50, I51, K52, A87, L88, G89, S91,
K92, and C94) nine are among, or in close proximity of (within
two residues), the moderate to strongly perturbed residues in
the published data. The two additional perturbed resonances
are near the C terminus (K92 and C94). Hence, yArf1 was found
to have interaction surfaces on Fapp1-PH that are conserved
with those of hArf1, as expected from these functionally inter-
changeable proteins (Kahn et al., 1991).
For bicelles with PI4P incorporated, the set of shifted or
broadened cross-peaks were similar to that obtained using
bicelles without PI4P, although perturbations were noticeably
stronger (50% larger shifts and more cross-peaks disappear).
Of the 10 most strongly perturbed cross-peaks (T13, A47, E50,
K52, V86, G89, S91, K92, C94, and L95) seven were seen in the
absence of PI4P. Perturbations for two more simply could not
be quantified in the absence of PI4P because of peak overlap
(V86 and L95). The one additional perturbation seen in the
presence of PI4P is for A47, a residue close to the strongly
perturbed E50. The presence of PI4P in the bicelle clearly
enhances interactions with Arf1. This may simply be a result
of enhanced binding of Fapp1-PH to the bicelle or possibly
more optimal positioning for better interaction with mem-
brane-bound Arf1. The most notable differences from the
published data using D-17-hArf1(Q71L) are the reduction of
interactions with the N-terminal loop (N10–W15 of Fapp1-PH)
where only T13 and L11 disappear or are weakly perturbed
and the lack of interaction in the Q69–Y72 region. The reduc-
tion of interactions in the N-terminal loop in the bicelle
anchored system may not be surprising as this loop has
been suggested to be a membrane insertion motif and may
not be available for interaction with the globular cytosolic
domain of Arf1. The loss of interaction in the Q69–Y72 region
along with reduction of interaction with the N-terminal loop424 Structure 22, 421–430, March 4, 2014 ª2014 Elsevier Ltd All righmay be significant in that these are regions where PI4P inter-
actions with Fapp1-PH are observed.
Chemical shift perturbations from TROSY-HSQC spectra
for Fapp1 in the presence of bicelles containing PI4P plus
myr-yArf1,GTPgS at a concentration of 1.6 mM are shown in
Figure 3A. Perturbed residues are color-coded in the surface
depiction of the Fapp1-PH molecule in Figure 3B; most strongly
perturbed (shifted or disappeared) are red (T13, E50, K52, V86,
G89, S94, and L95) and least perturbed are yellow (A47, V48,
E80, R83, L88, S91, and K92). The perturbed resonances include
a weakly perturbed region near the top of the molecule a more
strongly perturbed region in and under the C-terminal extension
(red strand overlaying the red region to the left). It may be that the
C-terminal extension changes conformation on interaction with
Arf1 making the underlying region more accessible. Note that,
except for T13 and E50, perturbed resonances do not include
those perturbed by PI4P. The T13 perturbation is weaker than
in the absence of PI4P and E50 may be subject to perturbations
propagated through other structural rearrangements as it is
frequently involved with electrostatic interactions with K92 of
the C-terminal extension, a poorly ordered part of Fapp1 in
many structures. The model shown in the Figure 3B is positioned
as in Figure 2B but rotated 180 about the vertical axis so that
comparison of PI4P and Arf1 interaction surfaces can be made.
Arf1 Interaction Surfaces from Fapp1-Induced Shifts
One of the advantages of using yArf1 is the availability of a com-
plete set of resonance assignments for a GTP-loaded form (Liu
et al., 2010). As in the previous sections dealing with Fapp1, per-
turbations of cross-peak positions in spectra of 15N-1H-labeled
myr-yArf1,GTPgS can be used to qualitatively map an inter-
action surface by adding Fapp1-PH to a bicelle preparation
containing Arf1. Figure 4A shows the chemical shift in TROSY
spectra of myr-yArf1,GTPgS on adding Fapp1-PH in the pres-
ence of 10% DMPC/DHPC bicelles (q = 0.25). The perturbations
cluster in one region that encompasses switch I of Arf1 (G40–
T55). This provides an immediate explanation for the observed
preference for binding Arf1,GTP as opposed to Arf1,GDP.
Switch I conformation changes dramatically in the process of
communicating guanine nucleotide changes to the membrane
interacting part of the Arf1molecule. There is an additional, mod-
erate perturbation of R19. R19 is near the connection between
Arf1’s cytosolic domain and the N-terminal helix that anchors
Arf1,GTP to the membrane surface. It is also near a hypothe-
sized PIP binding site on Arf1. Alterations in membrane
anchoring geometry or competition for PI4P on addition of
Fapp1-PH may contribute to this remote perturbation. Inter-
action surfaces are depicted in Figure 4B with color coding as
in previous figures: red strongest (E41, V42, E53, T55) and
orange next strongest (R19, G40, I43, T45). It is worth noting
that except for the conservative V to I and I to V changes at
V42 and I43, respectively, all other perturbed residues are iden-
tical between yeast and human ARF proteins, indicating that this
interface is likely conserved.
Fapp1 Interaction Surfaces Probed with Spin-Labeled
Arf1
Chemical shift perturbations clearly provide useful qualitative
information on potential interaction surfaces. However, chemicalts reserved
Figure 3. The Arf1 Binding Interface of
Fapp1-PH Identified through Chemical Shift
Perturbations
(A) Residue-specific chemical shift perturbations
in TROSY spectra of Fapp1-PH in the presence of
myr-yArf1,GTPgS in 10% DMPC/DHPC (q =
0.25), 0.5% PI4P bicelles. Resonances that
disappear have been set to 0.05 ppm.
(B) The Arf1 binding surface of Fapp1-PH colored
in red for residues showing strong chemical shift
perturbations upon adding Arf1 and in yellow for
those showing weak perturbations. Fapp1-PH
is rotated 180 relative to the depiction in Fig-
ure 2. Residue numbers are indicated for those
discussed in the text.
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Interaction of Fapp1 with Arf1 and PI4Pshift changes in heteronuclear HSQC and TROSY experiments
result not just from proximity of an added binding partner, but
from structural changes associated with binding. Some of these
can be propagated to remote regions via allosteric effects. In an
effort to support an argument for direct interaction, we employed
a spin-labeled version of myr-yArf1,GTPgS. We had previously
designed spin-labeled versions of Arf1 to help locate the N-ter-
minal helix in bicelle-associated myr-yArf1,GTP (Liu et al.,
2010). The native C159 residue was mutated to a serine and
other strategically placed residues were mutated to cysteine
(T55C, K59C, R83C, R117C, or S176C). Reaction with a
nitroxide-carrying spin label reagent (1-oxyl-2,2,5,5-tetramethyl-
pyrroline-3-methyl-methanethiosulfonate [MTSSL]) adds a para-
magnetic (unpaired electron) site capable of causing enhanced
spin relaxation with an approximate 1/r6 dependence on the dis-
tance between the unpaired electron site and observed nuclear
site. Intensities of HSQC cross-peaks from perturbed residues
drop with an exponential dependence on this enhanced relaxa-
tion, and these reductions can be used to position residues in a
structural model. To eliminate loss of intensity due to other pro-
cesses such as broadening of peaks due to changes in dynamic
processes and to facilitate comparison of properly paired
cross-peaks intensity, comparisons are normally made between
spectra taken with the label oxidized (carrying an unpaired elec-
tron) and with the label reduced (carrying no unpaired electron).
One of the mutated sites, T55C, is near the site on Arf1
that shows major chemical shift perturbations on addition of
Fapp1-PH. Reductions in Fapp1 HSQC peak intensities on add-
ing this mutant of myr-yArf1,GTPgS in a bicelle were observed,
as depicted in Figure 5 (most perturbed [Q33, K45, N58, G67,
A78, and A79] in red and the next most perturbed [V4, Y11,
W15, D34, C49, and V53] in orange). The most tightly clustered
set of residues showing a strong reduction in cross-peak inten-
sity (N58, A78, and A79) are to the right of the structure in Fig-
ure 5B. These are on the same face of the Fapp1-PH structure
as residues showing perturbed chemical shifts but are displaced
to the right and toward the membrane surface as compared to
the region identified by chemical shift perturbation in Figure 3.
Some displacement is not surprising as the spin label site
(T55C) is at the lower edge of the site on Arf1 suggested to pro-
mote Fapp1 interactions. Some additional displacement toward
the membrane may also result from the hydrophobic nature of
the spin label and the rather long extension of the labeled sideStructure 22,chain. There are a few more dispersed contact sites on the
back side of the structure as depicted, possibly indicating the
existence of other contact geometries. The decrease in speci-
ficity of interaction may have resulted from placing the spin
label on Arf1 too close to the Fapp1-PH interaction site or from
additional interactions promoted by its hydrophobic nature.
Comparing Fapp1-PH chemical shifts induced by addition of
reduced spin-labeled Arf1 to those induced by nonlabeled
Arf1, does show some strong perturbations of residues 8, 63,
and 65 that are in addition to shared perturbations in the 44–54
and 86–92 regions. These are difficult to interpret because of
the absence of PI4P and possible changes of pH on addition
of ascorbate in these particular samples, but they do occur in
regions supporting an additional interaction site. Nevertheless,
strong PRE effects on the face on which chemical shift pertur-
bations occur in the nonlabeled Arf1-Fapp1-PH system adds
confidence to the chemical shift data. PRE perturbations on
this face, along with the chemical shift perturbation data, will
be used to model the Fapp1-PH-Arf1 interaction surface.
DISCUSSION
Interactions of ARF proteins with adaptor proteins and other ef-
fectors are key to ARF function in vesicle budding, cargo recruit-
ment, and recycling to continue this process. Understanding the
nature of these interactions can potentially lay a basis for inter-
vention in a variety of diseases associated with vesicle traffic de-
fects (Aridor and Hannan, 2002). Unlike the situation for several
other families of GTPases, there is no consensus ARF-binding
domain that is conserved or present in a substantial fraction of
the >20 known effectors for ARFs. However, a large number of
ARF-effector and ARF-ARF GEF interactions are influenced by
or lead to changes in lipid signaling. Thus, the mechanisms
involved in Fapp1/2 recruitment to membranes, involving coinci-
dence detection of both activated ARF and PI4Pmay prove to be
paradigmatic for ARF signaling (Godi et al., 2004;Me´ne´trey et al.,
2007). We have taken advantage of the high level of primary
sequence (78% identity) and functional conservation (Kahn
et al., 1991) between human and yeast ARFs to generate a pro-
tein amenable to production of a fully myristoylated version that
can be examined in a native-like bicelle environment. Compari-
son of chemical shift perturbations using a soluble version of
hArf1 and those from the bicelle anchored yArf1 further support421–430, March 4, 2014 ª2014 Elsevier Ltd All rights reserved 425
Figure 4. The Fapp1-PH Binding Interface
of yArf1,GTPgS Identified through Chemi-
cal Shift Perturbations
(A) Residue-specific chemical shift perturbations
in TROSY spectra of myr-yArf1,GTPgS in 10%
DMPC/DHPC (q = 0.25), 0.5% PI4P bicelles in the
presence of 1.5 mM Fapp1-PH. The bars marked
with asterisks (*) are histidine residues whose
shifts responded to small differences in pH
(truncated to 0.05).
(B) The Fapp1-PH binding surface of Arf1 colored
in red for residues of strong chemical shift
perturbation and in orange for those of weak per-
turbations. Residue numbers are indicated for
those discussed in the text.
Structure
Interaction of Fapp1 with Arf1 and PI4Pthe validity of using the yeast homolog and extrapolating results
to the human protein. Residue-specific chemical shift perturba-
tions of isotopically labeled yArf1 have identified a Fapp1 inter-
action site on yArf1 that includes residues within switch I. These
residues change conformation dramatically on GTP exchange
with GDP, and their presence in the interaction surface explains
the preference of Fapp1 to interact with GTP versus GDP loaded
ARFs. Residue-specific chemical shift perturbations of isoto-
pically labeled Fapp1-PH have likewise identified a site on
Fapp1-PH that binds to Arf1, and the position of this site has
been supported by independent PRE experiments using a
spin-labeled version of yArf1. In addition, residue-specific chem-
ical shift perturbations of isotopically labeled Fapp1-PH have
identified a site on Fapp1-PH that binds to PI4P. These two sites
appear to be distinct and have minimal overlap on the Fapp1-PH
surface. This explains the previously observed independence of
these binding events and establishes a strong structural model
for coincidence detection of PI4P and ARF,GTP to recruit
Fapp1 to the TGN that is predicted to be relevant to other pro-
teins homologous to Fapp1 (Godi et al., 2004).
Identification of Arf1 and PI4P binding sites on Fapp1-PH has
been achieved before, but only in solution and thus not in a
membrane-like environment in which these molecules normally
function. yArf1 interacts with a membrane surface though a
N-terminal myristoylated amphipathic a helix that is absent in
the previously used constructs. Similarly, Fapp1 is believed to
interact with a membrane through an N-terminal loop that
is rich in hydrophobic and positively charged residues. PI4P
normally is esterified with a distribution of long chain fatty acids
that associate strongly with a membrane, as opposed to the
short chain fatty acids used in previous studies. It might be ex-
pected that the preferred positioning of Arf1, Fapp1, and PI4P
in a membrane-like environment would alter sites available for
their interaction. While the sites identified in the membrane-like
environment of a bicelle are found to overlap extensively with
those identified in solution, the Arf1 binding site on Fapp1-PH
is shifted distinctly away from the membrane surface, while the
PI4P binding site is shifted distinctly toward the membrane sur-
face. These altered interaction sites, alongwith our observed site
on myr-yArf1,GTP allows the construction of a more specific
model for Arf1-Fapp1-PH interactions (Figure 6).
The use of qualitative information on interaction surfaces and
loose distance constraints from PREs involving pairs of specif-426 Structure 22, 421–430, March 4, 2014 ª2014 Elsevier Ltd All righically identified residues to construct models for protein-protein
interactions is becoming more feasible with the advent of better
docking software and molecular dynamics refinement options.
We have employed the HADDOCK docking program (de Vries
et al., 2010) along with chemical shift perturbation and resi-
due-specific PRE distance constraints to generate the model
shown in Figure 6. Strong and medium perturbations on Arf1
(green ribbon) are shown in red and orange, respectively, and
strong and medium perturbations on Fapp1-PH (blue ribbon)
are shown in magenta and purple, respectively. The model
shows a rather well formed interface of 1,880 A˚2. While the
energies calculated by the program are intended primarily for
scoring purposes and not thermodynamic interpretation, they
indicate substantial electrostatic contributions (250 kcal/mol)
as well as van der Waals contributions (63 kcal/mol) to
the interaction energy. A predominantly positive surface on
Fapp1-PH and a predominantly negative surface on Arf1 are
also evident.
The model generated can be compared to at least one struc-
ture involving a complex between an ARF protein and a PH
domain from an effector protein. There is a crystal structure of
a complex between the ARF binding domain of ARHGAP21, a
Rho family GTPase-activating protein involved in the control of
F-actin dynamics at the Golgi, and Arf1(2J59) (Me´ne´trey et al.,
2007). The Arf-binding domain of ARHGAP21 contains a PH
domain in addition to an a helix that is important to interaction.
The interaction in this structure also involves binding to switch I
in ARF. Superimposing the PH domain of Fapp1 in our model
with the PH domain in the ARHGAP21 complex results in the
ARF component of our model occupying essentially the same
space as the ARF component of the ARHGAP21 complex, but
rotated by 90. The regions of major chemical shift pertur-
bation on Fapp1-PH make good contact with Arf1 in the
ARHGAP21-PH complex, but in a region on Arf1 displaced
more toward the top of the switch I region, and a less than
optimal contact is made by Fapp1-PH with regions on Arf1
showing chemical shift perturbations. Paramagnetic perturba-
tions are poorly satisfied, and it would be difficult to keep
both Fapp1 and Arf1 in contact with a membrane in this struc-
ture. Thus, we believe that the binding of Arf1,GTP with these
two different PH domains involve quite distinct interaction sur-
faces and reveal two different ways that ARFs may bind to PH
domains. Diversity in interaction surfaces may be essential tots reserved
Figure 5. The Arf1 Binding Interface of
Fapp1-PH Identified through Paramagnetic
Relaxation Enhancements
(A) Superimposed fast HSQC spectra of 0.3 mM
2D-15N Fapp1-PH mixed with 0.9 mM unlabeled
oxidized yArf1.GTPgS -T55C-MTSSL (blue) and
reduced yArf1.GDP-T55C-MTSSL (red).
(B) The binding surface of Fapp1-PH colored in red
for residues undergoing strong PRE effects and in
orange for those undergoing weaker PRE effects.
PRE effects reflect spatial proximity to the spin-
labeled site (T55) of Arf1. Residue numbers are
indicated for those discussed in the text.
Structure
Interaction of Fapp1 with Arf1 and PI4Pnumerous and complex protein-protein interactions with which
ARF proteins are involved.
A PI4P molecule can be docked with Fapp1-PH using
HADDOCK in a similar way. Regions of major chemical shift per-
turbations on Fapp1-PH are shown in Figure 7 in magenta. The
PI4P molecule (truncated to octyl chains for display here) is
shown as a ball and stick model. Major contacts are satisfied
although a few seem to be involved in a secondary site on the
far side of the model shown in the figure. The location of the
potentially anomalous perturbation of E50, because of its con-
tact with the C-terminal extension, is shown in the upper left.
Surface area contacts in the model are substantial (392 A˚2)
with predominantly electrostatic contributions to interaction
energies (361 kcal/mol scoring energy).
The models in Figures 6 and 7 can be combined with a model
of a bicelle to depict possible modes of membrane surface inter-
action (Figure 8). The bicelle was constructed manually from 88
DMPC molecules and 134 DHPC molecules and then subjected
to a cycle of energy minimization. The ratio of DMPC to DHPC is
higher than the 1:3 preparation ratio, to account for the substan-
tial critical micelle concentration of DHPC. The total size of the
assembly (135 kDa) is consistent with the apparent correlation
time for the Arf1-bicelle complex if one assumes a reduction
of approximately a factor of 2 due to internal motion at the
micelle surface. The N-terminal helix of Arf1 is depicted in a po-
sition represented by one member of the previously determined
distribution for N-terminal conformations needed to model the
membrane-associated structure (Liu et al., 2010). The selected
position allows Fapp1-PH and PI4P contacts depicted in Fig-
ures 6 and 7 while maintaining hydrophobic membrane contacts
of the N-terminal helix and exposing the hydrophilic surface to
solvent. The model produced is clearly not an ideal representa-
tion of the Arf1-Fapp1-PH complex on a planar bilayer as the
small radius of curvature of the bicelle departs from that of a
more extended lipid bilayer, but it does maintain a bilayer-like
distribution of lipid head groups and does allow membrane
insertion of the putative Fapp1-PH loop and the bound PI4P
molecule in geometries as determined by the currently pre-
sented data.Structure 22, 421–430, March 4, 2014The interactions depicted provide a
model that may be further tested and
refined through designed mutations and
further structural studies. Expansion of
the modeling to include larger proteins,e.g., full length Fapp1/2 or other effectors, GAPs, or GEFs, will
clearly increase our understanding of these essential molecular
interactions and themeans of their regulation and importantly, on
a biological membrane. The methods used can, of course,
be applied to other ARF interacting molecules to explore a
wider range of functions for ARF-dependent vesicle transport,
lipid metabolism, and other outputs of ARF signaling in all
eukaryotic cells.
EXPERIMENTAL PROCEDURES
Materials
Isotopes for NMR labeling were obtained from Cambridge Isotope Labora-
tories or Sigma Aldrich isotopes. PI4P isolated from brain was obtained from
Avanti Polar Lipids. All other materials were from Sigma Aldrich.
Protein Expression and Purification
The PH domain of Fapp1 (GenBank ID code AAG15199.1) was cloned into the
pET20(b) vector (Novagen) using NdeI and XhoI sites incorporating the
sequenceof aC-terminal Hisx6 tagbefore the stopcodon. The resulting protein
expressed, MEGVLYKWTNYLTGWQPRWFVLDNGILSYYDSQDDVCKGSKG
SIKMAVCEIKVHSADNTRMELIIPGEQHFYMKAVNAAERQRWLVALGSSKACL
TDTLEHHHHHH, begins with the first 98 residues at the N terminus of the 300
residue human protein and has eight extra amino acids at the C terminus
including two residues from the XhoI cloning site and the Hisx6 tag. It differs
from the sequence used in the published X-ray structure of Fapp1 by having
those eight residues instead of a five residue subcloning extension and from
the sequence used in the previous NMR study by having those eight residues
and not having an eight amino acid N-terminal extension introduced by
subcloning.
Fapp1-PHwas expressed using the Rosetta DE3 cell line (EMDBiosciences)
grown in a minimal medium supplemented with 1 g/l 15N-ammonium chloride
and 2 g/l uniformly 13C-labeled glucose. Induction was initiated by 0.5 mM
IPTG as OD600nm reached 0.8, and expression continued overnight at 28
C.
As the current investigation was conducted in a lipid bicelle system, resulting
in broader lines, perdeuteration was also employed in most preparations by
substituting 2H2O for
1H2O. Perdeuteration follows a previously documented
protocol (Liu et al., 2010). After cell lysis by French Pressing at 1,000 psi, the
Hisx6 tagged protein was enriched on a Ni-column. A second cleanup was
then performed on an ion exchange (Q-Sepharose) column. The yield of per-
deuterated, 15N-, 13C-labeled material was typically 5 mg/l. The procedures
for the expression and purification of myristoylated yArf1, in vitro GDP/GTPgs
exchange, andMTSSL spin-labeling, have also been described previously (Liu
et al., 2010).ª2014 Elsevier Ltd All rights reserved 427
Figure 6. The Fapp1-PH/yArf1 Complex Modeled by HADDOCK
Using Chemical Shift Perturbation and PRE Data as the Experi-
mental Constraints
Fapp1-PH is colored in cyan with residues of strong and weak chemical shift
perturbations upon adding yArf1.GTPgS and used in the calculations shown in
purple and magenta respectively; residues strongly affected by PREs and
used in the calculations are shown in blue. yArf1,GTPgS is colored in green
with residues of strong and weak chemical shift perturbations upon adding
Fapp1-PH shown in red and orange, respectively.
Figure 7. The Fapp1-PH/PI4P Complex Modeled by HADDOCK
Using Chemical Shift Perturbation Data as the Experimental
Constraints
Residues of significant chemical shift perturbations upon adding PI4P and
used in the calculation are shown in magenta. Residue numbers are indicated
for those discussed in the text.
Structure
Interaction of Fapp1 with Arf1 and PI4PNMR Spectroscopy
Backbone resonance assignment was obtained for Fapp1 in the presence of
10% DMPC/DHPC (q = 0.25), with and without 8 mM PI4P, respectively. In
addition to the lipids, the sample also contained 0.8mMFapp1 PH domain dis-
solved in a NMR buffer containing 10 mM K2HPO4-KH2PO4 (pH 7.0), 50 mM
NaCl, 10 mM K2SO4, 2 mM MgCl2, 5 mM DTT, and 5% D2O. Initially a
13C-,
15N-labeled sample was used to establish the majority of assignments based
on HNCACB and CBCA(CO)NH assignments. Due to reduced signal-to-noise
ratio in the presence of lipids, the missing assignments were completed from a
2D-, 13C-, 15N-labeled sample through TROSY-based HNCACB experiments.
All experiments were conducted at 25C on Varian 800 and 900 MHz spec-
trometers unless otherwise noted. Assignments have been deposited in the
BMRB with accession number 19576.
31P observe experiments for the PI4P titration with FAPP1-PH were
conducted on a Varian 300 MHz spectrometer. The buffer contained
20 mM MES (pH6.5), 50 mM NaCl, 5 mM DTT, 10% DMPC/DHPC (q = 0.25),
and 2 mM PI4P. The spectra were externally referenced with 10 mM
K2HPO4-KH2PO4 buffer (pH 7.0).
For the titration experiments tomap the Arf1-binding interface on Fapp1, the
two proteins were first dialyzed in the same beaker containing the NMR buffer
(noD2O) in order tominimize anymismatch in buffer conditions. Fapp1andArf1
were thenmixed with Arf1 in excess. Lipids and D2Owere added andGDP-for-
GTPgS exchangewas performed for Arf1 in themixture. A dummy ‘‘exchange’’
step was also performed for Fapp1 with lipids and D2O added, after which
Fapp1 was properly diluted with the dialysis buffer so that its concentration
would match that in the mixture. This dummy operation ensures that samples
being compared have nearly identical chemical composition, which is impor-
tant as the chemical shift changes being observed in these studies are
quite small. For serial titration experiments, the sample with excess Arf1 was
measured first; then a fixed volume of the sample was taken out and replaced
with free Fapp1 prepared in the manner mentioned above. The process was
repeated to give spectra of serially diluted Arf1 with a constant Fapp1 concen-
tration in an identical buffer condition. The Fapp1 binding site on myr-
yArf1,GTP was derived through a comparison of TROSY spectra collected
without pH equilibration on a sample of 0.5 mM myr-yArf1,GTP and another
sample of 0.5mMmyr-yArf1,GTPplus 0.75mMFapp1-PH, both inNMRbuffer
with 10% DMPC/DHPC (q = 0.25). Combined chemical shift perturbations are
reported as the root of the sum of the squares of 1H and 15N perturbations
with the 15N shifts weighted by 0.17 (Farmer et al., 1996). In the PRE-based
interface mapping experiment, a mixture was first made with 0.3 mM Fapp1
and 0.9 mM yArf1.GDP-T55C-MTSSL. Lipids were added and guanine nucle-
otide exchange was conducted prior to HSQC spectrum collection. To blank
out the PRE effect, 3.6 mM ascorbic acid was added to the same sample for
the collection of the control HSQC spectrum. As the peak intensities rather
than chemical shifts were of interest here, small chemical shift perturbations
that might arise from the addition of ascorbic acids were of no major concern.428 Structure 22, 421–430, March 4, 2014 ª2014 Elsevier Ltd All righModeling of Complexes
Modeling of the complexes was accomplished using the web server version of
HADDOCK (de Vries et al., 2010). One thousand docking poses were gener-
ated by rigid body energy minimization using a combination of ambiguous
(chemical shift perturbation-derived) and explicit distance constraints (PRE-
derived). The best scoring 200 structures were subjected to refinement based
on the CNS package and force constants taken from the PRODRG server
(Schu¨ttelkopf and van Aalten, 2004). These were subsequently subjected to
refinement in the presence of explicit water. Active residues (for ambiguous
constraints) were explicitly defined and semiflexible (passive) residues were
defined automatically using a 7.5 A˚ radius from active residues. Fully flexible
residues were designated for the C terminus of Fapp1-PH (88–96) and the
switch region (40–55) plus N terminus (2–20) for yArf1. The resulting structures
were clustered based on ligand positions and scored based on average
energies. The lowest energy poses in the best or second best clusters were
used for models depicted in Figures 6 and 7, respectively.
Arf1-Fapp1 docking was initiated using model 20 of the bicelle-associated
myristoylated and GTPgS-loaded form of yArf1 as determined by NMR
methods (2KSQ) and model 1 of the Fapp1 PH domain as determined by
X-ray crystallography (3RCP). The NMR models of yArf1 show a number of
possible positions of the N-terminal membrane-associated helix. Model 20
was initially selected based on a position of the N-terminal helix that allowed
maximum access to the residues perturbed on Fapp1-PH addition. In the end,
docking was done with the terminal helix removed (last 17 residues plus
myristic acid), then reattached after docking. The C-terminal five residues in
the Fapp1-PH crystal structure were also removed and the 91–96 segment
moved away from residues perturbed on yArf1 addition to facilitate docking.
During docking runs, the following were designated active residues on Arf1
(G40, E41, V42, I43, T45, E53, and T55). The following were designated active
residues on Fapp1 (A47, V48, E50, K52, E80, R83, V86, L88, G89, S90, S91
92, 94, and 95). Paramagnetic distance constraints were set at 7 A˚ ± 2 A˚
between residue T55 on Arf1 and the following residues on Fapp1 (N58,
A78, and A79).ts reserved
Figure 8. A Model of Fapp1-PH/PI4P/Arf1 Ternary Complex on a Small Bicelle Surface
TheHADDOCKmodels for the Fapp1-PH/yArf1 complex and the Fapp1-PH/PI4P complex are superimposed through the common partner Fapp1-PH, to obtain a
model for the ternary complex. This complex is further superimposed through Arf1 structures with our previously published Arf1/bicelle model, to obtain the
Fapp1-PH/PI4P/Arf1 ternary complex on the small bicelle surface.
Structure
Interaction of Fapp1 with Arf1 and PI4PFor Fapp1-PI4P docking, the PI4P headgroup from Protein Data Bank (PDB)
structure 3W68 was used during docking and the diacylglycerol structure from
PDB entry 4J7Q, truncating the acyl chains to eight carbons was added sub-
sequent to docking. The entire PI4P headgroup was designated active and the
following residues from Fapp1 were designated active (T13, W15, Y29, H70,
and Y72). Semiflexible residues were selected automatically based on a
7.5 A˚ cutoff.
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